Introduction {#sec1}
============

Cardiomyocytes can be derived from a variety of sources, including embryonic stem cells (ESCs) ([@bib2; @bib8; @bib11]), induced pluripotent stem cells (iPSCs) ([@bib19; @bib42]), adult stem cells ([@bib7]), and direct reprogramming from fibroblasts ([@bib26]). Significant efforts have been focused on the potential of these cells to repair the heart following myocardial infarction (MI) or to serve as in vitro models of disease. The standard approach for assessing the differentiated state of these derived myocytes has been to determine mRNA, miRNA, and protein expression, as well as the electrophysiological characteristics of myocytes via patch-clamp or calcium imaging ([@bib20; @bib36]). These criteria are important, but they offer an incomplete assessment of the myocyte's physiology.

Cardiac tissue engineering may provide a tool for evaluating stem cell-derived myocytes. In previous studies, primary harvest rodent ([@bib1; @bib3; @bib17; @bib44]) and ESC-derived cardiac myocytes ([@bib16; @bib22; @bib37]) were used as building substrates for engineered tissues whose function could be rigorously evaluated. These studies demonstrated that engineered tissues can be used as experimental platforms to examine how stem cell-derived cardiac myocytes spontaneously assemble the subcellular, cellular, and supracellular architectures required to facilitate uniform spread of the action potential (AP) and ordered contraction.

We reasoned that we could use engineered tissues as a common test bed for cardiac myocytes from different sources to compare their inherent ability to build themselves and collectively function. Previously, we identified specific subsets of *islet-1*-expressing, ESC-derived cardiac progenitors that are completely committed to the ventricular lineage, and demonstrated that we could differentiate these mouse progenitor cells into cardiac myocytes (progenitor-derived myocytes) and use them to build laminar myocardium ([@bib16]). Here, we built upon that work by conducting a detailed structural and functional analysis of those engineered tissues. As a benchmark for comparison, we engineered similar tissues from neonatal mouse ventricular myocytes. Our results suggest that engineered myocardium from these different sources have distinct functional differences that are critically important for the assessment of such cells for scientific and therapeutic applications.

Results {#sec2}
=======

Structural Analysis of Engineered Myocardium {#sec2.1}
--------------------------------------------

We reasoned that we could use soft lithography and muscular thin films (MTFs), as previously described ([@bib1; @bib16; @bib17; @bib18]), to build cardiac muscle engineered with progenitor-derived and neonatal cardiac myocytes, and assess its structural, electrophysiological, and contractile properties. We isolated progenitor-derived myocytes from a double-reporter mouse ESC line using fluorescence-activated cell sorting (FACS) ([Figure S1](#app2){ref-type="sec"} available online), which we previously showed differentiate into \>90% ventricular myocytes based on the AP morphology revealed by patch-clamp ([@bib16]). We were able to engineer laminar, anisotropic myocardium by using micropatterned culture surfaces of alternating 20-μm-wide lines of fibronectin (FN) and Pluronics F-127 ([Figure S2](#app2){ref-type="sec"}A; [@bib16]). For neonate myocytes, which failed to form tissues in these conditions, we adopted two alternative approaches. First, we used a softer Sylgard 527 polydimethylsiloxane (PDMS) ([@bib31]) to build the same tissue on alternating 20-μm-wide lines of high- and low-density FN ([Figure S2](#app2){ref-type="sec"}B) for electrophysiological experiments. Second, we developed an alternative micropattern of FN rectangles organized in a two-dimensional (2D) pattern similar to a brick wall ([Figure S2](#app2){ref-type="sec"}C), because the neonate tissues folded the softer MTFs. With this brick wall micropattern, we were able to engineer 2D myocardium of neonate myocytes on Sylgard 184 and perform MTF experiments to measure contractility.

We quantified the structure of the engineered myocardium using immunofluorescence staining of myofibrils and gap junctions in the myocytes. Both the progenitor- and neonate-derived tissues contained large numbers of myofibrils oriented uniaxially, and the myocytes coupled via Cx43 gap junctions ([Figures 1](#fig1){ref-type="fig"}A and 1F). Neonate-derived myocardium had well-developed myofibrils with lateral registration of Z disks between myofibrils both within myocytes and across transverse cell-cell borders ([Figure 1](#fig1){ref-type="fig"}B). The progenitor-derived myocardium had a similar network of myofibrils ([Figure 1](#fig1){ref-type="fig"}G), but the staining pattern of the sarcomeric α-actinin suggested an immature myofibrillar architecture. The neonate-derived myocardium had robust Cx43 staining at the cell-cell junctions at the myocyte periphery ([Figure 1](#fig1){ref-type="fig"}C), consistent with the Cx43 peripheral localization reported for engineered myocardium from neonate myocytes ([@bib6; @bib39]) and cultured neonatal rat ventricular myocytes ([@bib17]). The progenitor-derived myocardium also exhibited Cx43 at the cell-cell junctions at the myocyte periphery ([Figure 1](#fig1){ref-type="fig"}H); however, there were fewer visible Cx43 plaques, suggesting a difference in cell-cell electrical coupling as compared with neonate-derived tissues.

We quantified the myofibrillar organization of the progenitor- and neonate-derived myocardium to test whether the different tissue types could be engineered with similar structural properties. Intensity plots ([Figures 1](#fig1){ref-type="fig"}D and 1I) of the sarcomeric α-actinin staining along myofibrils (yellow line in [Figures 1](#fig1){ref-type="fig"}B and 1G) enabled quantification of the average Z-disk spacing across tissue types. The contractile force generated by the sarcomere is length dependent ([@bib15]), but there was no difference between the Z-disk spacing along the myofibrils, which was 2.01 ± 0.19 μm and 1.99 ± 0.24 μm for progenitor- and neonate-derived myocardium, respectively (t test, p = 0.227). We quantified myofibril organization by determining F-actin orientation at each pixel within the image to create a histogram of orientation angles ([Figures 1](#fig1){ref-type="fig"}E and 1J; [@bib9; @bib33]). These data were used to determine the orientational order parameter (OOP) of each tissue type as a global metric of myofibril alignment. We structurally analyzed the progenitor-derived myocardium and both types of neonate myocardium (the line and brick-wall micropatterns). The progenitor- and neonate-derived myocardium all had statistically equivalent actin alignment ([Figure 1](#fig1){ref-type="fig"}M; n = 6 per tissue type). We also quantified the volume of muscle in the engineered tissues by staining the sarcomeric α-actinin in the Z disks to visualize only the myocytes. The tissue thickness in the z axis perpendicular to the coverslip ranged from 5 to 7 μm ([Figure 1](#fig1){ref-type="fig"}K). Although the neonate brick-wall myocardium was thinner by ∼1 μm, all tissues were still only one cell layer thick and did not multilayer. Approximately 75% of cells in each tissue stained positive for sarcomeric α-actinin, with no statistical difference between tissue types ([Figure 1](#fig1){ref-type="fig"}L). These data suggest that tissues engineered from progenitor-derived and neonatal ventricular myocytes have a comparable ability to generate aligned myofibrils, but a different capacity to generate Cx43 gap junctions.

Electrophysiology of Engineered Myocardium {#sec2.2}
------------------------------------------

To analyze the electrophysiological properties of the myocardium, we conducted optical mapping experiments using voltage-sensitive membrane dyes and Blebbistatin as an excitation-contraction uncoupler. The neonate- and progenitor-derived myocardia formed continuous monolayers ([Figures 2](#fig2){ref-type="fig"}A and 2E, respectively), as indicated by RH237 staining ([Figures 2](#fig2){ref-type="fig"}B and 2F). Bipolar pacing stimuli resulted in activation wavefront propagation in both tissue types ([Figures 2](#fig2){ref-type="fig"}C and 2G). Progenitor-derived myocardium had considerably slower wavefront propagation, as indicated by later activation times ([Figures 2](#fig2){ref-type="fig"}G versus 2C), and significantly decreased longitudinal and transverse conduction velocities (CVs; [Figure 2](#fig2){ref-type="fig"}I). The neonate longitudinal CVs were lower than those previously reported for patterned neonate strands ([@bib39]), but studies in neonatal rat ventricular myocytes have shown that CVs are higher in myocardial strands than in tissues ([@bib18]). Despite these differences in CV, the ratio of longitudinal-to-transverse CV (referred to as the anisotropy ratio) was the same for neonate- and progenitor-derived myocardia ([Figure 2](#fig2){ref-type="fig"}J). This suggests a similar degree of myocyte alignment between tissue types, in agreement with the actin alignment data ([Figure 1](#fig1){ref-type="fig"}M) and previously reported anisotropy ratios for engineered myocardium assembled from neonate rat ventricular myocytes ([@bib10; @bib18]) and mouse heart ([@bib23]). The AP morphology varied ([Figure 2](#fig2){ref-type="fig"}D and 2H), with the progenitor-derived myocardium exhibiting slow diastolic depolarization between APs and a shorter mean AP duration (APD) at both 50% and 80% repolarization ([Figure 2](#fig2){ref-type="fig"}K). However, despite the shorter APD, the progenitor-derived myocardium had a longer functional refractory period (FRP) than the neonate-derived myocardium ([Figure 2](#fig2){ref-type="fig"}L).

The tissues responded differently to the Na-channel blocker tetrodotoxin (TTX). Increasing concentrations of TTX resulted in slowing of conduction in the progenitor-derived myocardium, as evidenced by longer conduction delays from the pacing stimulus to local activation ([Figure 2](#fig2){ref-type="fig"}H, blue untreated versus green TTX-treated APs). Occasional conduction block was observed (green "X" in [Figure 2](#fig2){ref-type="fig"}H, middle panel). However, APs continued to propagate even at the highest concentration of TTX (100 μM) in all three samples in which TTX was administered. In contrast, one neonate-derived tissue exhibited complete conduction block at 1 μM TTX and all samples exhibited complete or near-complete block (similar to [Figure 2](#fig2){ref-type="fig"}D) at 10 μM TTX. This result suggests that the progenitor-derived myocytes can generate APs without a significant contribution from Na channels.

Contractility of Engineered Myocardium {#sec2.3}
--------------------------------------

We assessed contractility using the MTF assay to quantify peak systolic stress generated under various pacing conditions. Note that the MTF contractility assay approximates a single lamellar layer of the ventricular wall and is effectively an isometric measurement in which the radius of curvature changes as a function of diastolic and systolic stress ([@bib1; @bib17]). The PDMS film thickness was calibrated such that the neonate- and progenitor-derived MTFs produced comparable deformations at peak systole ([Figures 3](#fig3){ref-type="fig"}A and 3D). Neonate-derived myocardium had a spontaneous contractile frequency of ≥1 Hz, with individual MTFs being captured at pacing frequencies between 1 and 10 Hz ([Figure 3](#fig3){ref-type="fig"}B). All of the neonate mouse MTFs responded to pacing at 3 and/or 4 Hz, corresponding to the resting heart rate of neonatal mice ([@bib25]). In comparison, progenitor-derived myocardium had a spontaneous contractile frequency, typically \<1 Hz, with individual MTFs captured between 0.5 and 5 Hz ([Figure 3](#fig3){ref-type="fig"}E). All of the progenitor-derived MTFs responded to pacing at 1 and 2 Hz, corresponding to the embryonic mouse heart rate at 10--11 days of gestation ([@bib21]). Specifically, the maximum frequency at which most progenitor- and neonate-derived MTFs could be paced (2 Hz and 4 Hz, respectively; [Figures 3](#fig3){ref-type="fig"}B and 3E) was the same as the FRP. These results suggest differences in the spontaneous activity of the myocardial tissues, the excitability of the tissues, and the maximum contraction rates as a function of myocyte maturity.

The neonate-derived myocardium generated significantly greater peak systolic stresses than the progenitor-derived myocardium. Example contraction plots for neonate-derived myocardium ([Figure 3](#fig3){ref-type="fig"}C) show that stress varied with pacing frequency, but was on the order of 5--10 kPa over a pacing range of 2--8 Hz. Although neonatal mouse myocardium has been shown to have a positive force-frequency relationship ([@bib41]), our tissues derived from neonate myocytes had a negative force-frequency relationship observed from 3--8 Hz pacing ([Figure 3](#fig3){ref-type="fig"}C), consistent with other reports for mouse and rat engineered heart tissue ([@bib14; @bib18]). In contrast, contraction of the progenitor-derived tissues ([Figure 3](#fig3){ref-type="fig"}F) showed that peak stress was substantially lower at ∼1 kPa over a range of 1--3 Hz. The flat force-frequency relationship for the progenitor-derived myocardium over the 1--3 Hz pacing range does not resemble neonatal mouse myocardium or neonate-derived myocardium, but is consistent with other reports for mouse ESC-derived engineered myocardium ([@bib41]). A comparison of the peak systolic stress between tissue types at multiple pacing frequencies illustrates this difference in contractility ([Figure 3](#fig3){ref-type="fig"}G). Peak systolic stress varied significantly between the neonate- and progenitor-derived tissues at all pacing frequencies (p \< 0.001), but there was no difference within each tissue type (two-way ANOVA and the Holm-Sidak method for multiple pairwise comparisons).

Discussion {#sec3}
==========

The current study was motivated by a simple question: how comparable are our progenitor-derived myocytes to neonatal myocytes? The differentiation of stem cells into cardiac myocytes is typically assessed in a manner that provides little insight into how they function as a tissue, and instead relies on the expression of lineage markers to infer functionality ([@bib35]). Thus, we chose a set of metrics that define the most important functional characteristic of cardiac myocytes: the ability to self-organize into and function as laminar myocardium.

Mature ventricular myocytes rebuild their contractile cytoskeleton and cell-cell junctions continuously. We assessed the functional implications of the subcellular, cellular, and multicellular architectures within the engineered tissues to determine whether the electrophysiological and contractile performance of stem cell-derived myocytes was comparable to that of myocytes isolated directly from the ventricular myocardium. To perform this comparison, we evaluated the cellular alignment, gap junction localization, and cytoskeletal architecture in engineered tissues. Physiological comparisons of the two tissues were based on techniques described in previous studies of engineered tissues ([@bib10; @bib13; @bib18]) and classical physiology. Our findings suggest that immature cardiac myocytes of stem cell origin may have significant deficits in tissue genesis as compared with neonates.

As expected, these structural inadequacies were reflected functionally, in that progenitor-derived tissues had significantly impaired contractility and electrophysiology with respect to neonate-derived tissues. These differences could not be predicted from single-cell measurements, as cell-cell coupling, gap junction formation, and lateral registration of myofibrils across cells are emergent properties of myocardial tissues. The contractility of 3D tissues engineered with human ESC- and iPSC-derived myocytes varies widely, with peak systolic stresses in the range of 0.1--10 kPa reported in previous studies ([@bib29; @bib40; @bib43]). These studies demonstrated the ability to engineer human myocardium, but also illustrated the difficulty of comparing experiments employing different cell sources, culture conditions, scaffolds, and analysis methods. In comparison, the MTF contractility assay is simple to implement, is reproducible, and has been demonstrated to work with a wide range of cell types, including progenitor-derived myocytes ([@bib16]), neonatal rat ventricular myocytes ([@bib17; @bib18]), skeletal muscle ([@bib38]), and vascular smooth muscle ([@bib1]). Thus, the MTF system serves as a platform for engineering myocardium with the same tissue alignment but from different cell sources, enabling comparable evaluations of the myogenic and functional potential of these cells in a reproducible system.

Although we made a significant effort to ensure that the progenitor- and neonate-derived myocardia were as structurally similar as possible, it should be noted that there are limitations inherent to using these different cell sources. Specifically, we cannot completely control the heterogeneity of the cell population. For both tissue types, the area of the MTF covered by cardiomyocytes was statistically equivalent ([Figure 1](#fig1){ref-type="fig"}L); however, the ∼25% remaining cells were not identified. For neonate-derived myocardium, the noncardiomyocytes in the primary harvest cells will be a combination of cardiac fibroblasts, endothelial cells, and smooth muscle cells. For progenitor-derived myocardium, the noncardiomyocytes in the FACS population will be a combination cardiac progenitors that have differentiated into endothelial cells or smooth muscle cells, or only partially differentiated into one of these cell types or a cardiomyocyte ([@bib12; @bib16]). Further, false-positives occur with FACS, so a small percentage of these cells may have differentiated into other cell types. Although we know that noncardiomyocytes cannot contract on the 1 Hz timescale we measure with the MTFs because they lack well-formed sarcomeres, we cannot completely rule out cell-cell coupling or paracrine effects that might impact the electromechanical function of the engineered myocardium. Future studies will need to investigate whether additional FACS, perhaps using a myosin heavy chain reporter, could further purify the cardiomyocyte population and improve the function of the progenitor-derived myocardium.

Clinically, the laminar ventricular myocardium on the MTF is similar to the idealized tissue architecture for a ventricular patch for repair of an MI. Researchers have successfully used human iPSCs ([@bib30]) and ESCs ([@bib28]) in rodent MI disease models and autologous mesenchymal stem cells ([@bib27]) in human MI patients, and often have been able to improve the ejection fraction (contraction). However, these gains are typically small, often transient, and typically attributed to paracrine effects that induce angiogenesis rather than to cell integration with the host myocardium ([@bib32]). Cell-source selection and the efficacy of the patch may be improved by an in vitro testing platform that is easily translated to clinical application. The MTF platform we used in this study is amenable to thorough in vitro testing, mechanical conditioning, and (potentially) clinical applications involving a broad range of therapeutic parameters ([@bib4; @bib34]).

In conclusion, the observed differences in structure and function between progenitor-derived myocytes and neonate myocytes clearly demonstrate the need to establish metrics for the use of stem cells. A promising method for performing such quality validation studies is to utilize traditional histological and physiological assays to evaluate engineered tissues fabricated from stem cell-derived myocytes. This is important, because as the field moves rapidly toward applications of stem cells in drug discovery, safety pharmacology, in vitro disease modeling, and regenerative medicine, it will be critical for stem cell-derived myocytes to recapitulate the required performance characteristics.

Experimental Procedures {#sec4}
=======================

Cardiomyocytes from Mouse ESC Lines and Neonatal Ventricles {#sec4.1}
-----------------------------------------------------------

All procedures were approved by the Harvard University Animal Care and Use Committee. The ESC-derived cardiac progenitor cells (CPCs) were generated and isolated using previously described methods ([@bib16]). Briefly, ESC lines were created from transgenic mice with a combined enhanced GFP (eGFP) and discosoma species Red (dsRed) reporter system to isolate CPCs by FACS. The R+G+ CPCs used in these experiments were previously shown to be highly myogenic and differentiate into myocytes with a ventricular phenotype (process illustrated in [Figure S1](#app2){ref-type="sec"}). CPCs were cultured on coverslips with micropatterned FN lines for 3--5 days to differentiate the cells into cardiac myocytes. They were then trypsinized, resuspended, and seeded onto micropatterned coverslips for 2 days prior to immunohistochemistry and electrophysiological assays, or on MTFs for contractility assays. Neonate myocytes were isolated from 2-day-old neonatal C57/Bl6 mice via a procedure adapted from previously published methods for isolating neonatal rat ventricular myocytes ([@bib1; @bib17]). Ventricles were extracted, enzymatically dissociated, and resuspended in culture. Myocytes were cultured for 4 days on micropatterned coverslips prior to immunohistochemistry and electrophysiological assays, or on MTFs for contractility assays.

Engineered Myocardium {#sec4.2}
---------------------

The method for engineering the myocardium was adapted from previously published methods ([@bib1; @bib16; @bib17]) and optimized for each cell type and analysis. For progenitor-derived myocytes, coverslips were spin-coated with Sylgard 184 PDMS (Dow Corning). For neonate myocytes, coverslips were spin-coated with either Sylgard 184 PDMS or Sylgard 527 PDMS. The PDMS-coated coverslips were microcontact printed (μCP) with FN using one of three patterns (anisotropic, lines, or bricks; [Figure S2](#app2){ref-type="sec"}). The anisotropic and line patterns consisted of 20-μm-wide, 20-μm-spaced FN lines and backfilled with 1% Pluronics F-127 for progenitor-derived myocytes ([Figure S2](#app2){ref-type="sec"}A) or low-density FN for neonate myocytes on Sylgard 527 ([Figure S2](#app2){ref-type="sec"}B). The brick patten consisted of 20-μm-wide, 100-μm-long FN rectangles spaced 3 μm apart and backfilled with 1% Pluronics F-127 ([Figure S2](#app2){ref-type="sec"}C). The MTFs were fabricated according to published methods using Sylgard 184 ([@bib17]) and then patterned with FN lines for the progenitor-derived myocytes or FN bricks for the neonate myocytes.

MTF Contractility Assay {#sec4.3}
-----------------------

MTF contractility assays were performed and analyzed according to previously published methods ([@bib1]). Contractility assays were conducted using a custom-built organ bath system with a Petri dish mounted in an aluminum stage plate with integrated resistive heaters that maintained the Tyrode's solution at 36°C ± 1°C. MTF contractions were initiated using parallel platinum wire electrodes to apply field stimulation (Myopacer; IonOptix) consisting of 7--14 V, 10-ms-duration square wave at pacing rates of 1--10 Hz.

Optical Mapping Experiments {#sec4.4}
---------------------------

Optical recordings of the transmembrane potential (V~m~) in the engineered myocardium were performed on days concurrent with the contractility assays. Measurements were carried out in normal Tyrode's solution at 35°C using the voltage-sensitive dye RH237 (Invitrogen) and the excitation-contraction uncoupler Blebbistatin (Calbiochem). To block sodium ion channels, TTX (Sigma) was added at working concentrations of 1, 10, and 100 μM. Fluorescence recordings were obtained using an inverted microscope (Zeiss Axiovert 200) with a 40× objective (Zeiss EC Plan-Neofluar, numerical aperture 1.3). Pacing was applied via bipolar point stimulation from the tips of two platinum wires located ∼1 mm above the monolayer. Pacing frequency was increased in steps of 0.5 Hz, and the highest frequency maintained was deemed the FRP. CV vector fields were calculated from interpolated activation maps ([@bib5]). The APD was calculated at 50% and 80% repolarization from digitized voltage signals low-pass filtered to improve the signal-to-noise ratio.

Quantitative Immunofluorescence of Cytoskeletal Structure {#sec4.5}
---------------------------------------------------------

The engineered myocardium on the PDMS-coated coverslips was fixed and stained at time points concurrent with MTF and optical mapping using a modification of previously published methods ([@bib1; @bib17]). The Z disks in the sarcomeres were stained with mouse anti-(sarcomeric α-actinin) primary antibody (Sigma) and gap junctions were stained with rabbit anti-Cx43 primary antibody (Sigma). Samples were then concurrently stained with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse secondary antibodies, Alexa Fluor 633 phalloidin and 4′,6-diamidino-2-phenylindol (Invitrogen), mounted on microscope slides and imaged with a Zeiss LSM 5 Live laser scanning confocal microscope. Sarcomere spacing along myofibrils was determined from the sarcomeric α-actinin staining using ImageJ (NIH). The thickness and percent area of the engineered myocardium were determined from z stacks of α-actinin using ImageJ to create binary images and custom MATLAB code for quantification. Actin alignment was quantified based on published methods ([@bib9]) and reported as the 2D orientation order parameter (OOP) ([@bib24]).

Statistical Analysis {#sec4.6}
--------------------

Statistical analysis for two groups that passed the normality test was conducted using Student's t test, or otherwise with the Mann-Whitney rank sum test. Statistical analysis of more than two groups was conducted using one- or two-way ANOVA followed by multiple pairwise comparison using the Holm-Sidak method. All data were plotted and statistically analyzed using SigmaPlot (Systat Software), with significant difference based on p \< 0.05.

Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures and Figures S1 and S2Movie S1. Neonate MTF Paced at 3 Hz Using Field StimulationMovie S2. Progenitor-derived MTF Paced at 1 Hz Using Field Stimulation
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![Structural Analysis of Engineered Myocardium from Neonate Myocytes and Progenitor-Derived Myocytes\
(A) Neonate-derived myocardium had uniaxial cell alignment with sarcomere and Cx43 expression.\
(B) At higher magnification (dashed yellow box in A), the sarcomeric α-actinin revealed Z disks with lateral registration spanning across cells.\
(C) CX43 was localized to the cell-cell border between adjacent myocytes, suggesting electrical coupling.\
(D) Intensity profile of Z-disk staining along a myofibril (yellow line in B) shows normal spacing of 1.99 ± 0.24 μm.\
(E) Cytoskeletal orientation (actin filaments) in the neonate myocytes was uniaxially aligned in the direction of the underlying FN-patterned substrate.\
(F) Progenitor-derived myocardium also had uniaxial cell alignment with sarcomere and CX43 expression.\
(G) At higher magnification (dashed yellow box in F), the sarcomeric α-actinin revealed Z disks with distinct sarcomeres, but decreased lateral registration as compared with neonate myocytes.\
(H) CX43 was localized to the cell-cell border between myocytes, but at decreased frequency as compared with neonate myocytes, suggesting decreased electrical coupling.\
(I) Intensity profile of Z-disk staining along a myofibril (yellow line in G) shows normal spacing of 2.01 ± 0.19 μm.\
(J) Cytoskeletal orientation (actin filaments) in progenitor-derived myocytes was uniaxially aligned in the direction of the underlying FN-patterned substrate.\
(K) The thickness of the engineered myocardium was statistically different for the neonate myocytes on the brick pattern versus the neonate myocytes on the line pattern and the progenitor-derived myocytes (ANOVA with Holm-Sidak pairwise comparison, ^∗^p \< 0.025).\
(L) The number of myocytes that stained positive for sarcomeric α-actinin was statistically equivalent between the progenitor- and neonate-derived myocardia (ANOVA, p = 0.871).\
(M) Cytoskeletal organization as quantified by actin alignment (example histograms shown in E and J) was analyzed using the OOP, and demonstrated that the progenitor-derived and two types of neonate-derived myocardia were statistically equivalent (Kruskal-Wallis ANOVA on ranks, p = 0.194).\
Scale bars, 25 μm (A and F) and 10 μm (B, C, G, and H). Sample sizes for (K), (L), and (M): progenitor-derived (n = 6), neonate lines (n = 5), and neonate brick (n = 6). Error bars indicate SD.](gr1){#fig1}

![Electrophysiology of Engineered Myocardium from Neonate Myocytes and Progenitor-Derived Myocytes Shows the Formation of a Functional Syncytium\
(A) Differential interference contrast (DIC) image of engineered neonatal mouse myocardium.\
(B) Image of the region highlighted by the dashed yellow box in (A) showing cell-cell borders with the voltage-sensitive fluorescent dye RH-237.\
(C) Example activation map of AP propagation.\
(D) Example AP traces (blue, no treatment; green, TTX treatment; red, pacing stimuli) showing conduction block at 10 μM TTX (green X).\
(E) Bright-field DIC image of progenitor-derived myocardium.\
(F) Image of the region highlighted by the dashed yellow box in (E) showing cell-cell borders with the voltage-sensitive fluorescent dye RH-237.\
(G) Example activation map of AP propagation. Note the later activation times compared with (C).\
(H) Example AP traces (blue, no treatment; green, TTX treatment; red, pacing stimuli) show that conduction block does not occur even at 100 μM TTX, although conduction delay is observed. Also note the slow diastolic depolarization compared with the neonate mouse tissue in (D).\
(I) Longitudinal (L) and transverse (T) CVs are substantially decreased in progenitor-derived myocardium compared with neonate-derived myocardium (^∗^p \< 0.001 and ^†^p = 0.003 for neonate- versus progenitor-derived).\
(J) The anisotropy ratio is equivalent between the engineered tissues (p = 0.380).\
(K) APD at 50% and 80% repolarization. The progenitor-derived myocardium has a significantly shorter APD~80~ than the neonate-derived myocardium (^∗^p = 0.020).\
(L) The FRP is significantly shorter in the neonate-derived myocardium than in the progenitor-derived myocardium, indicating postrepolarization refractoriness and/or slow conduction (^∗^p = 0.004).\
Scale bars are 50 μm (A--C and E--G) and 500 ms (D and H). Statistical significance is based on Holm-Sidak multiple pairwise comparisons in (I) and (K), and Student's t test in (J) and (L). Sample sizes in (I) and (J): progenitor-derived (n = 7) and neonate (n = 8); (K): progenitor-derived (n = 8) and neonate (n = 8); and (L): progenitor-derived (n = 5) and neonate (n = 6). Error bars indicate SD.](gr2){#fig2}

![Contractility of Neonate- and Progenitor-Derived Engineered Myocardia\
(A) Representative neonate-derived MTF in diastole (red) and peak systole (green). Scale bars are 500 μm.\
(B) Histogram of the number of neonate-derived MTFs captured as a function of stimulation frequency.\
(C) Example plots of contractile stress generated at various pacing frequencies in a neonate-derived MTF.\
(D) Representative progenitor-derived MTF in diastole (red) and peak systole (green). Scale bars are 500 μm.\
(E) Histogram of the number of progenitor-derived MTFs captured as a function of stimulation frequency.\
(F) Example plots of contractile stress generated at various pacing frequencies in a progenitor-derived MTF.\
(G) Peak systolic stress as a function of stimulation frequency. The box plots range from the 25th to 75th percentile, with the median indicated by the solid line, and whiskers indicate the 10th and 90th percentiles for pacing frequencies where n ≥ 9 MTFs responded. There is a statistically significant difference between the neonate- and progenitor-derived myocardia (two-way ANOVA, p \< 0.01). The sample sizes for each tissue type and pacing frequency are indicated graphically in (B) and (E).](gr3){#fig3}
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